(ALD/ AMN) is a group of genetically determined peroxisomal disorders associated with progressive central demyelination, primary adrenal cortical insufficiency (Addison's disease) and, frequently, primary hypogonadism. Recently, testicular dysfunction was described in ALD/AMN patients but no information on sperm characteristics was provided. In this paper we studied the reproductive function of a patient with adult cerebral ALD, focusing our attention on sperm characteristics. At the time of diagnosis the patient was 22 years old, had high plasma C26 and C24 very-longchain fatty acid (VLCFA) concentrations and adrenal insufficiency. Plasma testosterone concentration was in the normal range. The patient was prescribed a low-fat diet and 'Lorenzo's oil', which led to normalization of plasma VLCFA concentrations within 3 months of therapy. Semen analysis showed normal sperm count, gross morphological alterations and reduced motility. Electron microscopy analysis of sperm cells showed pathological changes in the head, the plasma membrane and the nucleus in 60% of the spermatozoa examined. However, isolated motile spermatozoa showed normal molecular dynamics of phospholipid bilayer surface and physiological responsiveness to progesterone. At the 12 months follow-up, the patient became azoospermic and testicular histology showed arrested maturation. To our knowledge, this is the first description of sperm alterations in a post-pubertal ALD patient, in which severe impairment of spermatogenesis and rapid progression to azoospermia occurred despite normalization of plasma VLCFA concentrations.
Introduction
Adrenoleukodystrophy (ALD) is an X-linked disease affecting 1/20 000 males whose biochemical defect is characterized by impaired β-oxidation of very-long-chain fatty acids (VLCFA) in peroxisomes, particularly hexacosanoic acid (C26:0), pentacosanoic acid (C25:0), and tetracosanoic acid (C24:0), which accumulate in tissues and body fluids (Moser et al., 1991) . The ALD gene, mapped to Xq28, has recently been cloned (Mosser et al., 1993) and was shown to encode for a peroxisomal transporter protein which may be involved in the activation of the VLCFA-coenzyme A synthetase, and whose activity is deficient in ALD. The phenotype of ALD is varied, and at least seven clinical subtypes have been described: childhood cerebral ALD (the more severe form), adolescent cerebral ALD, adult cerebral ALD, adrenomyeloneuropathy (AMN), Addison's disease only, and presymptomatic (asymptomatic) and heterozygous women (Moser et al., 1991) . Adrenal insufficiency (Addison's disease) is frequently associated with ALD/ AMN (Auborg and Chaussain, 1991) ; however, primary hypogonadism has been reported more frequently during AMN, but not ALD (Maris et al., 1995) . To our knowledge, there is no information on semen analyses in ALD/AMN patients.
We report a patient with adult cerebral ALD presenting with normozoospermia that rapidly evolved to azoospermia. Sterility appeared despite normalization of VLCFA concentration in blood obtained after 'Lorenzo's oil' was administered. Electron microscopy studies on sperm morphology and evaluation of molecular dynamics of sperm phospholipid bilayer membrane are also presented.
Case report

Case history and physical recordings
A 22 year old male subject was referred to our institution in June 1996 because of weakness of the lower limbs and gait disturbances. In the family history his mother's brother died in his forties of severe neurological disturbances. The medical history revealed that during his military duties, when he was 19 years old, he complained of mild asthenia and cutaneous hyperpigmentation. At the time of hospitalization, the physical examination showed the presence of an intense generalized hyperpigmentation of the skin surface (particularly the scrotum) and the buccal mucosa; male-pattern baldness was present and pubic and axillary hair were scarce. Testicular size was slightly reduced (15 ml bilaterally). Neurological examination revealed moderate ataxia and spastic paraparesis, without signs of visual, auditory, or peripheral nerve dysfunction. Body mass index (BMI) was normal (21) and blood pressure was 105/75 mm Hg.
Endocrine and biochemical investigations
After giving an informed consent the subject underwent endocrine investigations and evaluation of plasma VLCFA. Hormonal and VLCFA determinations were performed according to procedures published elsewhere (Fabbri et al., 1988; Fraioli et al., 1989; Laureti et al., 1996) . Results showed the presence of high adrenocorticotrophic hormone (ACTH) (6100, 6800 and 6200 pg/ml at 0800, 1400 and 2000 h; normal values 20-100) and low cortisol (35, 47 and 44 ng/ml; normal values 50-250), low dihydroepiandrosterone sulphate (DHEAS) (0.6 pg/ml; normal values 0.8-5.6) and 17-hydroxyprogesterone (108 pg/ml, normal values Ͻ 200) plasma concentrations. 24 h urinary free cortisol was low (4 µg/24 h; normal values 10-90). Supine plasma renin activity and aldosterone concentrations were slightly above the normal range (23 pg/ml, normal values 0.3-20.2, and 16.3 pg/ml, normal values 3-15, respectively) and did not increase after the upright postural test (26 pg/ml and 11.4 pg/ml, respectively). No concomitant electrolyte alterations were found (sodium 142 mEq/l, normal values 135-144, potassium 3.4 mEq/l, normal values 3.6-5.4). ACTH testing (Synacthen 250 µg i.v.) showed no response of ∆-4-∆-5 adrenal steroids and cortisol (Table  I) . Basal thyroid stimulating hormone (TSH) and follicle stimulating hormone (FSH) were slightly above the normal range, while luteinizing hormone (LH) concentrations were 2.5 times the upper limit of normal (Table I) . Free-and reverse-T 3 , free-T 4 , T 3 , T 4 , testosterone, free testosterone and prolactin were within the normal range. Thyrotrophin releasing hormone[TRH (200 µg i.v.)] ϩ gonadotrophin-releasing hormone (GnRH) stimulation (100 µg i.v.) produced a brisk increase in serum TSH and LH, and lesser increase in serum FSH and prolactin (PRL). Human chorionic gonadotrophin (HCG) stimulation (10 000 UI i.m.) revealed no testosterone response at all time points examined (24, 48, 72 and 96 h after stimulus) ( Table I) . Plasma antibody concentrations for thyroglobulin, microsomes, thyroid peroxidase, thyroid receptor, gastric mucosa, glutamic acid decarboxylase and 21-hydroxylase were absent. The analysis of fatty acids of plasma sphingomyelin showed elevated concentrations of C24 and C26 but not of C22 very-long-chain fatty acids (C22 ϭ 37.37 µmol/l, normal values 51.54 Ϯ 9.62; C24 ϭ 66.34 µmol/l, normal values 39.13 Ϯ 7.83; C26 ϭ 2.559 µmol/l, normal values 0.558 Ϯ 0.114; C24/C22 ϭ 1.776, normal values 0.76 Ϯ 0.006; C26/C22 ϭ 0.068, normal values 0.012 Ϯ 0.002), and the diagnosis of adult cerebral ALD was made (Moser et al., 1991) . His mother had plasma VLCFA in the heterozygous range (C22 ϭ 74.1 µmol/l; C24 ϭ 94.7 µmol/l; C26 ϭ 1.854 µmol/l; C24/C22 ϭ 1.28; C26/C22 ϭ 0.025), and his brother, asymptomatic, had normal VLCFA values (C22 ϭ 55.0 µmol/l; C24 ϭ 45.6 µmol/l; C26 ϭ 0.499 µmol/l; C24/C22 ϭ 0.83; C26/C22 ϭ 0.009).
Sperm studies
In order to investigate the patient's fertility, semen analysis was performed according to standardized criteria (WHO, 1992) . Results were in the normal ranges except for the presence of severe asthenoteratozoospermia. For sperm motility the semen GnRH ϭ gonadotrophin-releasing hormone; TRH ϭ thyrotrophin-releasing hormone; HCG ϭ human chorionic gonadotrophin; ACTH ϭ adrenocorticotrophic hormone; FSH ϭ follicle stimulating hormone; LH ϭ luteinizing hormone; TSH ϭ thyroid stimulating hormone; PRL ϭ prolactin; DHEA ϭ dihydroepiandrosterone; IRMA ϭ immunoradiometric assay; RIA ϭ radioimmunoassay.
was videotaped (25 Hz) within 30 minutes of collection. The kinematic parameters were evaluated as previously described (Mack et al., 1988) using software developed in our laboratory (settings: 20 frames minimum requirement, 10 µm/s threshold velocity, 2 minimum linearity, cell size range of 10-50 pixels with a magnification calibration of 0.58 µm/pixel) (Table  II) . Semen morphological analysis carried out by electron micropscopy (Baccetti et al., 1995) showed the presence of 40% double heads, 55% disrupted membranes and 65% abnormalities of both nuclei and nuclear matrix (Table II) . The number of spermatozoa free from defects in the total ejaculate was very low [110ϫ10 3 , normal values Ͼ 2ϫ10 6 according to Baccetti's formula (Baccetti et al., 1995) ]. Intracellular calcium concentration ( [Ca 2ϩ ] i ) and membrane fluidity were evaluated by Fura2 and Laurdan fluorescence spectroscopy, respectively (Palleschi and Silvestroni, 1996; Silvestroni et al., 1997) . These investigations were carried out with motile, viable spermatozoa isolated by a 'swim-up' procedure (Vijayakumar et al., 1987) . All the patient's data were compared with those obtained in contemporaneous studies with spermatozoa from normozoospermic, fertile donors (n Ͼ 20; WHO Guidelines). Both basal [Ca 2ϩ ] i and membrane fluidity were in the normal ranges, with the latter being at the upper limit of the prediction interval ( Figure 
Therapy and follow-up
The patient was prescribed a low-fat diet and received daily doses of glycerol trioleate oil (1.7 g/kg of body weight) and glycerol trierucate (0.3 g/kg) (Lorenzo's oil) (Aubourg et al., 1993) along with hydrocortisone 37.5 mg/day. After 3 months of therapy with Lorenzo's oil, the patient's plasma concentrations of VLCFA were reduced to the normal range (C24 from 66.34 to 40.4 µmol/l; C26 from 2.559 to 0.556 µmol/l) and remained normal during the 6, 9 and 12 month follow-up periods (C24 ϭ 41.9 µmol/l; C26 ϭ 0.550 µmol/l at 12 months). Platelet number decreased from 300ϫ10 3 to 80ϫ10 3 as a direct consequence of the therapy, as previously described (Aubourg et al., 1993) . However, the sperm number decreased rolled up 40% spermatozoa devoid of defects a : 110 ϫ 10 3 (Ͼ2 ϫ 10 6 ) LHA ϭ amplitude of lateral head displacement; BCF ϭ beat cross frequency. a From Baccetti et al. (1995) . progressively during the 3 (38ϫ10 6 /ml), 6 (30ϫ10 6 /ml), 9 (8ϫ10 6 /ml) and 12 (azoospermia) months follow-up periods respectively. A testicular biopsy was performed after azoospermia appeared and testis histology showed similar aspects in both testes. The seminiferous tubules appeared atrophic and dilated (Figure 2) , with conserved aspect of the basal membrane. The germ cell population was significantly decreased and was mainly represented by spermatogonia, rare spermatocytes and, in some tubules, early spermatids. Furthermore, the 2477 cytoplasm of all germ cells showed degenerative alterations along with aspects of microvacuolations of Sertoli cells ( Figure  2 ). In the interstitium, the number of Leydig cell clusters per seminiferous tubule, determined with a standard Zeiss calibrated grid and the 25ϫ objective lens (Weiss et al., 1979; Powers and Schaumburg, 1981) , was reduced, compared with controls (0.36 versus 0.8-1.1). Also, Leydig cells showed both cytoplasmic microvacuolations and fragmentation (Figure 2 ). Neurophysiological studies repeated at 12 months confirmed a significant deterioration of neurological function, which in turn resulted in a clinical condition of complete spastic paraparesis.
Discussion
Before the diagnosis of ALD, the patient was admitted to the hospital with the suspicion of idiopathic Addison's disease. The presence of a multiple autoimmune endocrine disorder was excluded on the basis of the absence of antibodies against adrenal, thyroid and pancreatic glands. Multiple sclerosis was excluded by a clinical history of progressive neurological disturbances, normal cerebrospinal fluid (CSF), and the peculiar magnetic resonance imaging (MRI) picture. In Schilder's disease (diffuse cerebral sclerosis), the neurological disorders and the cerebral lesion are often similar to those of ALD, but adrenal atrophy is unique to the latter. The finding of elevated plasma VLCFA was pathognomonic for ALD. AMN was ruled out because in AMN patients, MRI scans show demyelination in the spinal cord and the nerve conduction study shows a peripheral neuropathy, whereas in our patient both examinations were normal. Furthermore cranial MRI showed a large involvement of the white matter in the anterior portion of the brain and the cerebral peduncles. Although less frequent than the involvement of the posterior cerebral lobes, the MRI picture was characteristic of adult cerebral ALD. The finding of a prolonged conduction time along the corticospinal tracts, as demonstrated by motor-evoked potentials recording, was consistent with the cerebral peduncle demyelination shown by MRI scans. Although MRI scans did not show abnormalities in the acoustic and somatosensory pathways, both brainstem acoustic-evoked potentials and somatosensory-evoked potentials were delayed, as often found in patients with ALD (Garg et al., 1983; Laureti et al., 1996) . ALD may be a frequent cause of idiopathic Addison's disease in children and adults (Blevins et al., 1994; Laureti et al., 1996) , but endocrinological symptoms usually precede neurological symptoms in only 39% of patients with ALD and 61% of patients with AMN (Korenke et al., 1997) . In accordance with other authors' findings, our patient showed normal plasma renin activity and aldosterone concentrations with a conserved mineralocorticoid hormone economy (Cappa et al., 1990) . The absent response of ∆-4-∆-5 adrenal steroid pathways to ACTH stimulus is also consistent with primary adrenal insufficiency, as usually observed in ALD patients (Blevins et al., 1994) . Thyroid function appeared to be slightly impaired, since elevated basal TSH concentrations and a brisk increase of TSH after TRH stimulation were found. The presence of a normal thyroid on ultrasound, normal plasma-free fraction of thyroid hormones and absence of thyroid microsomal antibodies suggested the presence of a euthyroid sick syndrome (Chopra, 1997) .
Clinical and subclinical hypogonadism are rarely associated with ALD and it has been reported that testicular deficiency is more frequently associated with the presence of longstanding neurological abnormalities in AMN pubertal boys (Libber et al., 1986) . Recent reports highlighted the presence of more frequent testicular involvement in a large group of 2478 ALD patients (Brennemann et al., 1997) . In our patient, plasma testosterone concentrations were normal. However, the finding of slightly reduced bilateral testicular size, increased basal and GnRH-stimulated gonadotrophin concentrations (particularly LH) associated with an absent testosterone response to HCG test, indicated the presence of subclinical primary testicular dysfunction. This observation led to a deeper investigation of the fertility of the patient. Despite a normal number of ejaculated spermatozoa, we observed an altered sperm morphology, mainly consisting of abnormalities in the shape of the head and the plasma membrane integrity, as well as in the nuclear condensation (Baccetti et al., 1997) . In contrast, axonemal ultrastructure was normal. VLCFA play a major role in the plasticity of red blood cell membranes and it has been demonstrated that these cells exhibit altered biological functions in ALD subjects (Arienti et al., 1996) . The plasma membrane of human spermatozoa also contain VLCFA, predominantly di-, tri-and tetraenoic fatty acids with up to 32 carbon atoms (Poulos et al., 1986) ; however, the function of VLCFA in the plasticity of sperm structure and motility remains to be elucidated. In our patient, the plasma membrane of motile ALD spermatozoa exhibited both normal physical properties and responsiveness to physiological stimuli despite the presence of high plasma concentrations of VLCFA indicating that lipid membrane disorders in ALD patients are not homogeneously distributed among different tissues. To investigate this possibility additional studies should be conducted in the newly developed mouse model for ALD produced by targeted disruption (knock-out) of the peroxisomal fatty acylCoA gene (Fan et al., 1996) . Testicular histological findings have been described previously in ALD/AMN patients and consist of hypocellularity and mild vacuolation of seminiferous tubules, and interstitial damage -i.e. focal fibrosis near hyalinized tubules and reduction of the number of Leydig cell clusters per seminiferous tubule (Powers and Schaumburg, 1981) . Testicular histology in our patient showed similar alterations, which mainly consisted of the presence of abundant proteinaceous fluid in the interstitium, reduction of Leydig cell number and germinal cell arrest. These pathological changes might explain the poor response of the testes to HCG observed in our, and other ALD/ AMN, patients (Powers and Schaumburg, 1981) . Indeed, a number of investigators have demonstrated that testicular damage associated with infertility is often associated with a subnormal response to HCG stimulation (De Kretser et al., 1975) . In the tubules the damage involved both meiotic and maturative phases of spermatogenesis with arrest at the stage of early spermatids. Alterations of Sertoli cells consisted of microvacuolations, a histological aspect that has been reported in a variety of other testicular disorders [e.g. germinal aplasia (Chemes et al., 1977) , essential fatty acid deficiency (Hildebrandt-Stark and Fawcett, 1978) ]. It is well known that the integrity of Sertoli cells is critical for the maintenance of adluminal germ cells and spermatogenesis (Gnessi et al., 1997) ; therefore vacuolated Sertoli cells might be incapable of fulfilling their normal role of sustaining maturation of spermatocytes and spermatids, resulting in abnormal spermatids and death of differentiating germ cells. Indeed in our patient, a rapid deterioration of spermatogenic function with azoospermia occurred despite normalization of plasma VLCFA by Lorenzo's oil therapy. The explanation of this phenomenon is unknown. Aubourg et al. (1993) found that neurological symptoms of ALD patients deteriorate even after plasma concentrations of VLCFA are returned to normal range by Lorenzo's oil treatment. An intratesticular accumulation and toxicity of VLCFA not reflected by the concentrations in the circulation might explain this phenomenon (Aubourg, 1997) . Also, seminiferous tubule damage secondary to progressive Leydig cell failure cannot be excluded (Dufau et al., 1993) .
In conclusion, adrenoleukodystrophy/adrenomyeloneuropathy represents a multiorgan disease, which frequently involves testicular function. To our knowledge, this is the first evidence of gross sperm alterations in a post-pubertal ALD patient, who showed a rapid and severe impairment of spermatogenesis despite normalization of plasma VLCFA concentrations.
